To understand the responses of phytoplankton to water level fluctuations (WLFs) in tropical conditions at high altitude, limnological monitoring was performed monthly in Valle de Bravo (VB) reservoir, a waterbody affected by relatively strong WLFs due to water scarcity in central Mexico during [2008][2009]. The thermal behaviour of the reservoir was warm, monomictic (Nov-Feb), and water levels fell to 12 m below capacity. Observed hypolimnetic temperature increases in VB are considered indirect evidence of boundary mixing events, previously attributed to internal waves driven by strong diurnal winds along a 7 km fetch. Unusually low biomasses were observed during circulation, probably due to low light availability (Z eu /Z mix < 1), grazing, and relatively low temperatures (<20 °C). In contrast, enhanced phytoplankton biomass was observed throughout stratification, which could be explained by nutrient inputs to the epilimnion through boundary mixing, as previously proposed for VB, and by higher (>20 °C) temperatures. Dominant species were Cyclotella ocellata, Fragilaria crotonensis, Woronichinia naegeliana, and Microcystis wesenbergii. Nitrogen-fixing cyanobacteria (Nostocales), a recurrent problem in this reservoir, were markedly less abundant than during high-water periods (2002)(2003)(2004)(2005), probably due to dissolved inorganic nitrogen (DIN) inputs from the hypolimnion. A profuse formation of heterocysts was observed at the same time that DIN and the DIN to soluble reactive phosphorus ratio (DIN:SRP) were low (<2 μmol L −1 and ~1 respectively), suggesting heterocyst development could be a complementary proxy to assess DIN limitation. Intense water level decreases in this reservoir resulted in increasing biomasses of planktonic diatoms and a significant decrease in noxious algae such as Nostocales, thus ameliorating the water quality of the reservoir.
Introduction
Continental aquatic ecosystems are subject to water level fluctuations (WLFs). Natural WLFs are mainly due to seasonal variation in the abundance of precipitation and/or in the increase of evaporative losses (Naselli-Flores and Barone 2005, Zohary and Ostrovsky 2011) and therefore are affected by weather extremes and climatic changes (Nõges et al. 2003 , Naselli-Flores and Barone 1997 , 2005 , Wang et al. 2011 . In man-made aquatic ecosystems, such as reservoirs, artificial WLFs are common, depending on their type of management and the entering river fluxes, which in turn are heightened by weather extremes (Naselli-Flores and Barone 2005) . WLFs affect many limnological characteristics, such as nutrient dynamics, and they may even change circulation-stratification patterns (Geraldes and Boavida 2005 , Naselli-Flores and Barone 2005 , Wang et al. 2011 ; extreme reduction of water levels may convert monomictic lakes to polymictic ones (Zohary and Ostrovsky 2011) . Water fluctuations can be a main factor controlling composition, abundance, and biomass of the primary producers (i.e., phytoplankton) in the water column (Naselli-Flores and Barone 1997, Nõges et al. 2003 , Zalocar 2003 , Mac Donagh et al. 2009 , Wang et al. 2011 .
WLF conditions and their effect on limnological variables, especially phytoplankton, have a direct and overall impact on water quality, which is key for reservoirs used for drinking water supply and recreation. A decrease in water quality during lower water periods has been observed by some authors (Coops and Hosper 2002 , Nõges et al. 2003 , Arfi 2005 , who attributed the declining water quality to the increase in nutrient availability that occurs in widely fluctuating aquatic systems, regardless of trophic state. Others have suggested using WLFs as a management tool for freshwater ecosystems to improve water quality (Geraldes and Boavida 2005, Valdespino-Castillo et al. 2014) . In this scenario, phytoplankton monitoring can be used as a tool to assess water quality as well as to achieve a better understanding of aquatic ecosystems (Crossetti and Bicudo 2008, Wang et. al. 2011) .
In a recent review on the current knowledge of WLFs and their impacts on ecosystem functioning, Zohary and Ostrovsky (2011) concluded that the response of aquatic ecosystems, particularly deep lakes, to water level fluctuations is crucial to the management of water resources, and that this information is scarce, particularly from the tropics. In the present study, the changes in composition and biomass of the phytoplankton were explored under conditions of high WLFs in a deep tropical reservoir used intensively for drinking water supply and recreation.
Study area
Valle de Bravo (VB) is a tropical reservoir located at a relatively high altitude (1830 m a.s.l.) in central Mexico (19°21′30″N, 100°11′00″W; Fig. 1 ). The surface area is 18.55 km 2 , and the mean and maximum depth are 21.1 m and 38.6 m, respectively. The maximum length of the reservoir along its longer valley is 6.9 km, and the reservoir's full water capacity at 1830 m a.s.l. is 391 × 10 6 m 3 . VB is the largest reservoir of the Cutzamala System (composed of 5 reservoirs), which provides more than one-third of the water supply to the Mexico City Metropolitan Area (Ramírez-Zierold et al. 2010) .
VB behaves as a warm monomictic lake; it is stratified for ~8 months (usually Mar through Oct), developing an anoxic hypolimnion during April that lasts 7 months, and it is well mixed during the cold season (~Nov through Feb; Olvera-Viascán et al. 1998 ).
According to the Koppen classification, modified by García (2004) for Mexico, the dominant climate is C (w): temperate subhumid, with long summers in a monsoonal regime and pronounced dry (Oct through May) and rainy (Jun through Sep) seasons. Mean annual precipitation is 836 mm, and mean annual evaporation is 1620 mm (Ramírez-Zierold et al. 2010) . A characteristic feature of VB is the persistence of a strong diurnal breeze, which makes it the most important sailing site in Mexico. The wind blows strongly (mean speed 7.4 m s ) from the dam (WNW; Fig. 1 ) to the valley tails from noon to sunset .
The reservoir has evolved from oligotrophic to eutrophic conditions . By 2002, massive blooms of cyanobacteria, including nitrogen (N)-fixing Nostocales and Chroococcales, were frequent in the reservoir (Ramírez-García et al. 2002 , Valeriano-Riveros 2007 , dominating the planktonic community of VB, particularly during the stratification period (Cruz y Cruz 2007). Some of these cyanobacteria have been identified as potentially toxic (Microcystis spp.), and the species belonging to Nostocales are also potentially toxic, implying significant risks both for drinking and recreational uses (Nandini et al. 2008 ). For drinking purposes, an average of 220.8 × 10 6 m 3 yr −1 of water is extracted from the reservoir and used in the region and in Mexico City (Ramírez-Zierold et al. 2010) . Because of recreational possibilities, VB has also become an important tourist spot, which attracts significant real estate investments.
Materials and methods
Samples and measurements were taken monthly at a central station (Fig. 1) from January 2008 to December 2009. Samples were always collected after the onset of the strong diurnal wind (1100-1200 h) that daily stirs and homogenizes the mixing layer , Nandini et al. 2008 .
Temperature, dissolved oxygen (DO), and pH were measured every 1 m from surface to bottom with a YSI 6600 Multiprobe Sonde. Secchi depth transparency (SD) was measured with a standard Secchi disk. The conversion factors used to calculate the euphotic zone depth (Z eu ) from SD were obtained by analyzing the correlation between SD and the depth of the trophogenic layer (Z troph ) determined for oxygen productivity studies in VB during 2006 (Valdespino-Castillo et al. 2014 . The data fit better when stratification and circulation data were separated. The regressions between SD and Z troph yielded coefficients of 4.3 for stratification (n = 8, R 2 = 0.49) and 2.6 for circulation (n = 4, R 2 = 0.62), which were used to calculate Z eu during [2008] [2009] Water samples for nutrient analyses were collected with a Niskin-type bottle at 1, 2, 4, 8, 12, 16, 20 , and 24 m depths, where allowed by water column depth. The samples for the analysis of soluble reactive phosphorus (SRP), ammonia, nitrate plus nitrite, and soluble reactive silica (SRSi) were stored in 30 mL polypropylene containers after filtration with 0.45 and 0.22 µm (Millipore type HA) nitrocellulose membranes, with 2 drops of chloroform added to stop microbial activity, and frozen until analysis (within 24 to 48 h). A Skalar SanPlus segmented-flow analyser was used with the standard methods adapted by Grasshoff et al. (1983) and the circuits suggested by Kirkwood (1994) .
Phytoplankton samples were collected from a depth of 4 m, which represents well the mixing layer after the onset of diurnal winds (Cruz y Cruz 2007) and was usually inside the euphotic zone. Samples were immediately fixed with a Lugol's iodine solution. An Olympus IX70 inverted microscope was used for cell counts following the Utermöhl method (sample volume 10 mL, counting a minimum of 400 individuals for the more abundant species and half of the bottom surface for the biggest and less abundant species; Wetzel and Likens 1991). Biomass was estimated from species biovolume (calculated using at least 20 individuals), assuming unit-specific mass density, by geometrical approximations according to Wetzel and Likens (1991) , Hillebrand et al. (1999) , and Sun and Liu (2003) . Mean water temperature during 2008-2009 spanned from 17.9 °C in the hypolimnion during winter (Dec through Jan) to 24.4 °C in the epilimnion during summer (Jul and Aug). The thermal behaviour was warm monomictic, with circulation from November to February and stratification from March to October. The widest temperature differences between epilimnion and hypolimnion were observed during early stratification (4.4 °C in June 2008 and 3.0 °C in May 2009). A gradual increase in hypolimnetic temperatures was detected during both stratification periods (Fig. 3) . In 2008, hypolimnetic temperature increased ~3 °C from March to September, and the average rate of hypolimnetic temperature increase was calculated at 0.52 °C per month using a linear regression. In 2009, it increased even faster, reaching 22 °C in September, with a calculated mean rate increase of 0.68 °C per month in this year, when the reservoir reached its lowest level in 8 years.
Results
Secchi disk transparency varied from ~1 m throughout stratification to up to 4 m during circulation. The estimated euphotic zone ranged from 6.7 m during stratification up to 10 m during circulation (Fig. 4) . The euphotic versus mixing depth (Z eu /Z mix ) ratios ranged from 0.2 to 1.6, with the highest values occurring during the transition from circulation to stratification (Feb through Mar).
DO varied from supersaturated at the epilimnion surface (11 mg L (Fig. 5) . Nutrient data and nutrient ratios from the 0, 1, 2, and 4 m depths were averaged and plotted against limiting values for phytoplankton growth (based on Interlandi et al. 1999 , Reynolds 1999 , Smith and Bennett 1999 Fig. 6 ).
Phytoplankton
We observed 103 phytoplankton species during the survey, mainly from the families Chlorophyceae (34), Cyanophyceae (26), and Bacillariophyceae (13). Total density fluctuated between 8859 (Nov 2008) and 191,794 cells mL −1 (Apr 2008). Cyanobacteria reached the highest cell densities, followed by diatoms and chlorophytes. Flagellates (chrysophytes, cryptophytes, euglenophytes, and dinoflagellates) were less abundant.
When biomass was considered, dominance changed in favour of the largest species. Total biomass in the epilimnion showed an increasing trend during stratification but fell during circulation (Fig. 7) . The dominant cyanobacteria species during stratification were Woronichinia naegeliana and Microcystis wesenbergii (Chroococcales), followed by Snowella septentrionalis, Merismopedia cf. trolleri, Aphanothece sp., and Microcystis aeruginosa (Fig. 8a) . Species belonging to Nostocales maintained relatively low biomasses (Fig. 8b) , although heterocyst numbers grew during some months of the stratification. Cyclotella ocellata and Fragilaria crotonensis were alternatively the dominant diatoms (Fig. 9) . Chlorophytes were the first group in terms of species richness, but their biomasses were comparatively low, except for peaks of Mougeotia sp. during stratification. Chlorococcales and desmids were also constantly present in VB during [2008] [2009] , but always in lower numbers (Fig. 10) . 
© International Society of Limnology 2014
Taking into account the thermal classification based on depth and latitude (Lewis 1983 ) and adjusted for altitude, VB borders between warm monomictic and discontinuous polymictic . Nevertheless, the reservoir always showed monomictic behaviour during the low WLFs years (Monroy 2004 , Ramírez-Zierold et al. 2010 . When high WLFs began in VB, the question was whether water level drops of around 10 m or more would induce polymixis, a situation that would impact the phytoplankton composition and abundance, and hence the water quality (Naselli-Flores and Barone 2005).
Thermal classification depends on temperature and density gradients between layers and on wind strength. In VB, wind varies on a daily scale but maintains a similar range over longer time scales (Fig. 3) , which implies a heat flux toward the hypolimnion that can only be due to the entrainment of warm epilimnetic water (Kalff 2002) . This process has been proposed to occur in VB through small boundary mixing events, driven by internal stationary waves produced by the diurnal wind pattern (Monroy 2004 ). As part of this mechanism, mixing intensity is expected to increase as the level drops and internal waves interact with the bottom (Monroy 2004) . The difference we found in the rates of temperature increase for 2008 and 2009 supports this possibility. The warming rate increased proportionally to the summer level decrease from one year to
Discussion

Water level and limnological characteristics in the water column
Because VB reservoir is used both for drinking water supply and leisure, its water level is maintained as high as water demand allows. In average-to-rainy years (e.g., [2001] [2002] [2003] [2004] , the reservoir generally reaches capacity by the end of the rainy season (Nov), and the level does not decrease more than 4-5 m during the summer (Fig. 2) . Indirect evidence of partial mixing in the reservoir, especially during periods of lower water levels, was reinforced by the observation of microaerophilic oxygen values in the hypolimnion. This feature was observed in 2006 when the level dropped to 10.1 m below capacity (Valdespino-Castillo et al. 2014) , although complete anoxia was expected (Wetzel 2001 , Nishri et al. 2011 ) and previously found (Monroy 2004 , Ramírez-Zierold et al. 2010 due to the eutrophic conditions of the reservoir. Overall, these observations imply an increase in boundary mixing events, which would drive vertical flux of water, oxygen, and nutrients, during low WLFs in VB but without breaking stratification. Zohary and Ostrovsky (2011) outlined the potential effects of boundary mixing on nutrient recycling and phytoplankton composition of lakes subjected to WLFs. We propose that these conditions could be responsible for the changes in the phytoplankton composition we found in VB (discussed later).
Phytoplankton likely exerts an important effect over pH in VB because alkalinity in the reservoir is relatively low (1.4 meq L −1 ; Ramírez-Zierold et al. 2010) , the temperature range is relatively narrow, and the reservoir tends to become eutrophic. The strong pH vertical gradient observed during stratification is likely due to the activity of phytoplankton biomasses in the epilimnion, where photosynthesis consumes inorganic carbon, and to organic matter respiration and fermentation in the hypolimnion. During circulation, pH stabilizes throughout the water column at a slightly alkaline value that is likely less affected by phytoplankton processes because phytoplankton biomasses are much lower than during stratification.
Phytoplankton and mixing layer
Because warm monomictic lakes and reservoirs in either temperate zones or high altitudes at tropical latitudes typically reach their highest phytoplankton biomasses during circulation (Wetzel 2001 , Ardiles et al. 2012 , it was unexpected that VB presented low phytoplankton biomasses during circulation, while stratification was characterized by higher, although fluctuating, biomasses (up to ~8 times the circulation biomasses). Moreover, it was also unexpected that, during 2008-2009, planktonic diatoms were the highest biomass group throughout stratification instead of during circulation, when turbulence makes nutrients available in the euphotic zone (Hecky and Kling 1981 , Reynolds et al. 1994 , Ardiles et al. 2012 . Although Cyclotella ocellata and Fragilaria crotonensis dominated during stratification, they were accompanied by chlorophytes (mainly Mougeotia sp.) and cyanobacteria (Chroococcales). Such unexpected behaviour can be explained by the specific conditions found in VB during the circulation and stratification periods.
Throughout circulation, DIN was high and SRP was above limiting values in the euphotic zone and thus were probably not imposing a limitation on phytoplankton growth (Fig. 6) ; however, water levels were highest, and the euphotic zone (Z eu ) was a fraction of the mixing layer at this time, reducing the light availability to phytoplankton during its transit through the aphotic zone. This situation reversed in February 2008 (Fig. 4b) , favouring phytoplankton growth. Colonial cyanobacteria such as Woronichinia naegeliana and Microcystis wesenbergii were also present during mixing, although their biomass was lower than during stratification. This permanence can be attributed in part to their ability to regulate flotation (Dokulil and Teubner 2000) . Buoyancy gives these species a competitive advantage over planktonic diatoms during circulation in a system like VB, characterized by calm winds before noon. Additionally, temperatures <20 °C were less than optimal for some of the important species in the reservoir (e.g., Fragilaria crotonensis, Cyclotella ocellata, and Microcystis wesenbergii; Tilman et al. 1982 , Dauta et al. 1990 , Dokulil and Teubner 2000 , Calijuri et al. 2002 , a condition that favourably changed during stratification.
DIN was rapidly exhausted during stratification in the epilimnion, which approximately equalled the euphotic zone, a circumstance that ameliorated light conditions for phytoplankton; in addition, the temperature rose higher than 20 °C. Although this apparent DIN limitation could impose a strong control on phytoplankton growth, diatoms and cyanobacteria flourished, and even chlorophytes peeked, exhibiting a fluctuating pattern that prevented any successional forecasting. This seemingly contradictory behaviour could be attributed to the proposed boundary mixing events that do not break the overall stratification but are effective at injecting hypolimnetic water to the epilimnion and vice versa. The expected effect of an increase in epilimnetic DIN concentrations was not directly observed, probably because of immediate phytoplankton assimilation (Kalff 2002) .
In VB, C. ocellata was negatively correlated with SRP, which agrees with previous reports on its dependence on higher phosphorus concentrations (Tilman et al. 1982, Lampert and Sommer 2007) , while F. crotonensis was negatively correlated with silica because it is related to stronger silica consumption (Reynolds 2006) . Cyanobacteria also bloomed during stratification, an expected result when DIN values and DIN:SRP ratios are low (Tilman et al. 1982, Smith and Bennett 1999) . Nevertheless, dominant species belonged to Chroococcales, a non N-fixing group, instead of Nostocales, a filamentous group of species readily recognizable by their ability to build special N-fixing cells (heterocysts). Nostocales dominated in the reservoir during stratification periods from 2002 to 2005 when WLFs were comparatively low but have strongly diminished since then (Fig. 10) . Again, a seeming contradiction arises between nutrient values and ratios, and phytoplankton composition and biomass, which would be consistent with an increase in water exchange between epi-and hypolimnion derived from the proposed intensification of boundary mixing stratification during low water levels in VB .
Although Nostocales were much less abundant in 2008-2009 than in 2002, a favourable condition considering their frequent association with toxin production (Ramírez et al. 2004, Cronberg and Annadotter 2006) , the number of heterocysts tended to peak when or after DIN:SRP ratios were lowest. We would advise the use of not only Nostocales densities or biomasses, but also heterocyst densities as an indicator of nitrogen limitation, as recognized by authors such as Ferber et al. (2004) . Given these results, despite the observed DIN data (Fig. 6) , a true DIN limitation may not be operating during stratification in VB if the proposed enhancement of boundary mixing in fact supplied nutrients regularly to the epilimnion.
The growth of Chroococcales with aerotope formation observed during stratification can be explained by their adaptations to exploit light and nutrients in the epilimnion. They can float to the surface before the diurnal wind onset, can quickly take up nutrients that enter the epilimnion (Dokulil and Teubner 2000) , and thrive in temperatures well above 20 °C (Calijuri et al. 2002) . The last 2 advantages are shared with planktonic diatoms in VB, the group with which Chroococcales alternated during stratification. Among Chroococcales, W. naegeliana and M. wessenbergii were the dominant species. W. naegeliana has been associated with higher phosphorus contents (Xu et al. 2008 ), a condition found in VB during 2008. Nevertheless, as observed in VB, this colonial species has the capacity to liberate planocytes, individual cells for vegetative reproduction, a strategy that can be a pitfall by making it vulnerable to grazing. In comparison, M. wessenbergii is a colonial species readily recognized by its thick mucilaginous envelope, which is an effective protection against predation, giving it a further advantage when SRP is lower. Previous data (Jiménez-Contreras et al. 2009 , Valdespino-Castillo et al. 2014 ) indicate that grazing is especially important for phytoplankton during circulation, hence adding pressure to the already low phytoplankton biomasses found in VB during this period.
Chlorophytes were the third important group in VB during 2008-2009, with lower biomasses except for Mougeotia sp., a large filamentous species belonging to Zygnematales that usually appears in VB around August. This species cannot be considered as truly planktonic because it is probably a tychoplanktonic species that peaks for a short time in open waters as an active vegetative spread of its life cycle (Wehr and Sheath 2003) .
In summary, phytoplankton composition during 2008-2009 exhibited some notable trends in VB. Planktonic diatoms, in particular, showed the unexpected behaviour of developing their highest biomasses not during the circulation period, as expected, but when the reservoir stratified, with optimal temperature and light but low apparent nutrient availability, nitrogen in particular. We propose this could be due to a relatively continuous supply of nutrients to the epilimnion through boundary mixing, which is indirectly sustained by observed hypolimnetic temperature increases, as well as microaerophilic oxygen values in the otherwise expected anoxic hypolimnion.
Our observations also suggest that boundary mixing would intensify as the reservoir level falls, although stratification was always maintained during 2008-2009. Among the phytoplankton composition changes that could derive from boundary mixing intensification at midyear, we emphasize the change in dominance of cyanobacteria groups from filamentous N-fixing Nostocales to non N-fixing Chroococcales because of the potential impact on drinking water and recreational uses of the reservoir. We therefore suggest that further research should assess the potential application of WLFs regulation as a potential management tool in reservoirs like VB, where a change in phytoplankton species from toxic cyanobacteria (mainly Nostocales) to diatoms and other nontoxic cyanobacteria could be favourable. Such a change could be induced by managing WLFs to have the lower levels occur during the stratification period, when cyanobacteria bloom.
